Abstract: Highly productive coastal wetlands play an essential role in storing blue carbon as one of their ecosystem services, but they are increasingly jeopardized by intensive reclamation activities to facilitate rapid population growth and urbanization. Coastal reclamation causes the destruction and severe degradation of wetland ecosystems, which may affect their abilities to store blue carbon. To assist with international accords on blue carbon, we evaluated the dynamics of blue carbon storage in coastal wetlands under coastal reclamation in China. By integrating carbon density data collected from field measurement experiments and from the literature, an InVEST model, Carbon Storage and Sequestration was used to estimate carbon storage across the reclamation area between 1990 and 2015. The result is the first map capable of informing about blue carbon storage in coastal reclamation areas on a national scale. We found that more than 380,000 hectares of coastal wetlands were affected by reclamation, which resulted in the release of ca. 20.7 Tg of blue carbon. The carbon loss from natural wetlands to artificial wetlands accounted for 72.5% of total carbon loss, which highlights the major task in managing coastal sustainability. In addition, the top 20% of coastal wetlands in carbon storage loss covered 4.2% of the total reclamation area, which can be applied as critical information for coastal redline planning. We conclude that the release of blue carbon due to the conversion of natural wetlands exceeded the total carbon emission from energy consumption within the reclamation area. Implementing the Redline policy could guide the management of coastal areas resulting in greater resiliency regarding carbon emission and sustained ecosystem services.
Introduction
As the transition to a low-carbon society becomes a global sustainable goal in cities, removing atmospheric carbon dioxide and reducing carbon through nature-based solutions will be necessary to cope with climate change [1] . Coastal wetlands sequester and store 50% of the organic carbon in marine sediments within 0.2% of the ocean area [2] . They are efficient systems for carbon storage, where mangroves, tidal marshes and seagrasses store a large amount of blue carbon [3] [4] [5] [6] . However, approximately 50% of blue carbon ecosystems have disappeared due to the direct and indirect influences of anthropogenic disturbances and climate change. Coastal habitats destruction and landscape change are the key factors in carbon estimation, which releases the carbon stored in soil back into the atmosphere at a dramatic scale [2, 7] . As a global issue, blue carbon maintenance and restoration has become the focus of the government, public and researchers who seek to maintain ecosystem services.
Coastal wetlands are highly vulnerable ecosystems due to anthropogenic encroachment [8] . They are also considered as a cost-efficient response to reduce CO 2 density and mitigate climate change owing to their high primary productivity, carbon density and carbon stock potential [9, 10] . To date, there have been many studies concerning carbon storage in terrestrial urban areas [11] [12] [13] , but there are only a limited number of studies about wetlands loss under urbanization. Blue carbon in coastal wetlands has become a main concern in recent years due to increasing threats of coastal development and climate change.
The carbon budget is often estimated in terms of global-scale fluxes with anthropogenic and abiotic-natural CO 2 sources as the main types of carbon sources [14] . Still, many carbon transforming and restoration processes occur through localized sources, which brings challenges to the spatial measurement of carbon storage. Impacts of land use and land cover change (LUCC) on soil organic carbon are difficult to quantify, but the evaluation of such impacts is critical to understand carbon emissions in rapidly urbanizing areas [15] . Quantitative methods have been carried out on carbon storage processes and their interconnections with the landscape change in rapidly developing urban areas. The main methods of assessing carbon storage in relation to landscape changes include integrating remote sensing-based models with the InVEST model [16, 17] . Another widely accepted approach is based on field measurement or reported data with statistical evaluation to understand its current state [18] [19] [20] . Most of the research on blue carbon storage places emphasis on regional scale dynamics. Only a few studies address large-scale changes (national/global scale) due to the differences of carbon density in different regions [11, 21, 22] . Integrating large-scale landscape changes into the assessment of carbon storage can provide a better overview of ecosystem services.
In China, typical landscape changes in coastal wetlands are known as coastal reclamation [23] . Large areas of reclamation can lead to irreversible degradation of ecosystem services [24] [25] [26] , which in turn causes significant loss of blue carbon stock [27] [28] [29] . Approximately 950,000 hectares of coastal wetlands have been destroyed by land reclamation activities in China [30] . Newly built industrial complexes, highways and aquaculture feeding ponds occupy large areas of previous wetlands along the coastal zone [31] . The most extensive land redevelopment areas are located within rapid urbanizing metropolitans, such as the Bohai bay, the Yangzi River delta and the Pearl River delta. Even though some of the negative effects of coastal reclamation have been addressed by researchers, its impacts on carbon storage is still generally unknown.
Human activities of coastal development have significantly altered the coastal carbon trade-offs, resulting in increased problems in achieving coastal sustainability. Coastal reclamation, which is a common characteristic of urbanization in coastal areas, has become a new critical factor in triggering a reduction of soil carbon storage. Considering the significant impacts of coastal landscape change on the balance of carbon storage in coastal wetlands, we estimated the dynamics of spatial carbon storage in the coastal wetlands of mainland China. Based on data reported from field surveys on carbon density and the InVEST model of carbon storage analysis, we estimated blue carbon loss from the perspective of coastal reclamation on a national scale, which quantified carbon storage change under the influences of typical coastal development in China's coastal cities in the last two decades. Ultimately, we identified the main sources of carbon loss among all types of landscape transformation regarding reclamation activities, which could provide spatial data for the most important regulation of coastal sustainable development policy in China: 'Redline'.
Materials and Methods

Study Area
China's rapid urbanization and economic development in coastal areas contributes to the second largest economy in the world. The rapid urbanization of coastal China is the most critical development issue in recent decades. Massive coastal land reclamation in the coastal areas of mainland China has resulted in major loss of natural habitats (Figure 1 ) [23] . Even though coastal reclamation has occurred in many other countries (e.g., Netherlands, England), the magnitude of the redeveloped area in China's coastal zone has never been seen anywhere else. In total, 58% (8,010,000 ha) of coastal wetlands in China disappeared between 1950 and 2014, with land claim and infrastructure construction causing roughly 75% of wetlands loss [23, 31, 32] . According to the report from State Oceanic Administration, People's republic of China in 2015, the impacts of coastal reclamation on ecosystem services resulted in the loss of wetlands of about $31,000 million, which accounts for 6% of the ocean economy in China [33] .
The rapid urbanization of the coastal cities has been a feature of the past 20 years. Increasing population pressure and economic growth have resulted in the excessive expansion of terrestrial land toward the coastline. The most extensive reclamation areas are located in the coastal metropolises, with dramatic land claim occurring in Binhai new zone (Tianjin), Laizhou Bay (Shandong), Yancheng (Jiangsu), Hangzhou Bay (Zhejiang), Min River estuary (Fujian) and the Pearl River Delta (Guangdong). The high intensity of land reclamation has resulted in severe pressure and increasing vulnerability in coastal ecosystems, which has led to high ecosystem services loss [30] . More details on coastal reclamation data are provided in the next section and in the results.
Due to the variety of carbon densities in different regions, we divided the study area into three different zones on the basis of climatic zones and main vegetation types: the northern coastal zone (Liaoning, Tianjin, Hebei and Shandong province), the central coastal zone (Jiangsu, Shanghai, Zhejiang and Fujian province) and the southern coastal zone (Guangdong, Guangxi and Hainan province). reclamation has occurred in many other countries (e.g., Netherlands, England), the magnitude of the redeveloped area in China's coastal zone has never been seen anywhere else. In total, 58% (8,010,000 ha) of coastal wetlands in China disappeared between 1950 and 2014, with land claim and infrastructure construction causing roughly 75% of wetlands loss [23, 31, 32] . According to the report from State Oceanic Administration, People's republic of China in 2015, the impacts of coastal reclamation on ecosystem services resulted in the loss of wetlands of about $31,000 million, which accounts for 6% of the ocean economy in China [33] . The rapid urbanization of the coastal cities has been a feature of the past 20 years. Increasing population pressure and economic growth have resulted in the excessive expansion of terrestrial land toward the coastline. The most extensive reclamation areas are located in the coastal metropolises, with dramatic land claim occurring in Binhai new zone (Tianjin), Laizhou Bay (Shandong), Yancheng (Jiangsu), Hangzhou Bay (Zhejiang), Min River estuary (Fujian) and the Pearl River Delta (Guangdong). The high intensity of land reclamation has resulted in severe pressure and increasing vulnerability in coastal ecosystems, which has led to high ecosystem services loss [30] . More details on coastal reclamation data are provided in the next section and in the results.
Due to the variety of carbon densities in different regions, we divided the study area into three different zones on the basis of climatic zones and main vegetation types: the northern coastal zone (Liaoning, Tianjin, Hebei and Shandong province), the central coastal zone (Jiangsu, Shanghai, Zhejiang and Fujian province) and the southern coastal zone (Guangdong, Guangxi and Hainan province). 
Methods of Estimating Carbon Storage in the Reclamation Area
In order to explore the specific dynamics of blue carbon storage in coastal reclamation areas on a national scale in China, we estimated carbon storage by using the InVEST model by collecting the carbon density value from published data in China's coastal areas.
Integrating Reclamation and Coastal Wetlands Data
The coastal reclamation area was represented with vector data, which were calculated based on the extracted coastline data obtained by visual interpretation from 1990 to 2015 (Sajjad et al., [30] ). The procedure used was to obtain an estimate of the total reclamation area by visual interpretation based on high-resolution satellite images (Google Earth images, Quick Bird and Landsat Thematic Mapper images). In this study, the landscape patterns in the coastal reclamation area were subdivided into seven types: arable land (AL, dryland and paddy field); forest land (FL, highly covered forests, open woodland and other forests); grassland (GL, natural and artificial grassland); built-up land (BL, urban and rural built-up area, transportation area and industrial area); natural wetland (NW, inland water, marsh land and mangrove); artificial wetland (AW, saltern land and aquaculture feeding ponds) and unused land (UL, bare land, rocks, newly claimed land). The value, used for coastal wetlands in 1990 in this study, was obtained from the wetlands map with 1*1 km resolution (provided by Niu et al.) [34] . In order to be integrated with reclamation data, coastal wetlands were classified into two types: natural wetland and artificial wetland. Ultimately, the landscape transformation of both natural and artificial wetlands to different reclamation landscape types was estimated through ArcGIS tool.
Evaluating Carbon Density and Storage
Carbon density is represented by carbon storage per unit area, indicating the total amount of carbon storage in specific ecosystems [35] . Due to the difficulties of obtaining the required parameters in different landscape patterns and biomasses, we summarized the results of carbon density in soil and biomass by using related research and a soil census on regional scales. All of the values of carbon density used in this study are published data based on field measurements in China's coastal areas [36, 37] . As the majority of data references are published in Chinese, we provided the details of references in the Supplementary Materials. In this study, the average values of carbon density were calculated based on all collected values of different landscape patterns in three different zones to allow for the considerable variations in carbon density between individual sampling sites along coastal areas (Table 1) .
After collecting the carbon density in different landscape types, an InVEST model, Carbon Storage and Sequestration was used to estimate the amount of carbon currently stored in different landscapes in our study area. InVEST is a geospatial modeling tool, which has been widely used in evaluating the impacts of landscape change on ecosystem services developed by the Natural Capital Project [38] . The InVEST model provides spatially explicit impacts of different land uses on multiple ecosystem services. Carbon storage is one of the models provided to analyze the carbon stored in a landscape and quantifies the amount of sequestered carbon during trade-offs in ecosystems [39, 40] . The carbon density of each landscape type and distribution map of land-use/land cover are used as the primary input data to estimate carbon storage in each grid cell. It estimates carbon storage in terms of four carbon pools (aboveground biomass, subsurface biomass, soil organic carbon and dead organic carbon). Aboveground biomass encompasses all living plants above the soil; belowground biomass comprises the living roots of all aboveground biomass; soil organic contains the organic components of soil; and dead organic carbon includes litter, lying and standing dead woods [41] . Due to the accessibility of data, carbon density in coastal wetlands was calculated only as aboveground biomass and soil organic carbon. The values of carbon density in different land use and cover types that we used in the InVEST model were the average literature values collected from related research in China's coastal areas (Table 1) . We estimated the change of carbon storage in coastal wetlands and the reclamation area by overlapping the carbon storage value in each cell of the study area in 1990 and 2015. The accumulated difference of carbon storage in the whole study area represents the overall change of carbon stock.
The carbon storage in the pool of aboveground biomass (C a ) and soil organic carbon (C s ) were aggregated over different land-use types to estimate carbon storage.
where C i represents the carbon density (Mg/ha) for landscape pattern i, and S i is the area of landscape pattern i. Afterwards, the total carbon storage in coastal wetlands (TC) was calculated as:
Results
Transformation Matrix between Landscape Patterns in the Reclamation Areas
The transformation matrix quantified conversions of different landscape patterns between 1990 and 2015, which signifies the spatial distribution of the conversion of wetlands to different reclamation lands (details are provided in Supplementary Materials, Table S1 ). The results show that a total of 386,400 hectares (6.7%) of coastal wetlands were lost as a result of reclamation (Table 2) . Among the transformations identified were 296,000 hectares of natural wetlands (NW) converted into other types of landscapes within the reclamation areas (Figure 2) . Among all the landscape transformations of natural wetlands, the most significant change is that 48.0% of natural wetlands were converted to artificial wetlands (AW, including saltern lands and aquaculture ponds). The next largest changes were unused land (UL) that occupied 16.5% of natural wetlands, and 12.4% for built-up land (BL). Due to the dramatic landscape transformation in the reclamation area, only 13.0% of natural wetlands remained unchanged during this period. In addition, 11,000 hectares (24.9%) of artificial wetlands were converted into other types of land use. The expansion of built-up land occupied 7.7% of artificial wetlands, followed by 6.6% of unused land. transformations of natural wetlands, the most significant change is that 48.0% of natural wetlands were converted to artificial wetlands (AW, including saltern lands and aquaculture ponds). The next largest changes were unused land (UL) that occupied 16.5% of natural wetlands, and 12.4% for builtup land (BL). Due to the dramatic landscape transformation in the reclamation area, only 13.0% of natural wetlands remained unchanged during this period. In addition, 11,000 hectares (24.9%) of artificial wetlands were converted into other types of land use. The expansion of built-up land occupied 7.7% of artificial wetlands, followed by 6.6% of unused land. 
Loss of Blue Carbon Stock in the Coastal Reclamation Area
Based on the landscape transformations of wetlands, we quantified the total carbon storage in the land claimed area (Table 3 and Figure 3 ). Our results show that there was a dramatic decrease of blue carbon storage in this area, which changed from 36.6 Tg in 1990 to 16.0 Tg in 2015 with an annual carbon emission of 0.83 Tg. This signifies a large amount of carbon emission in coastal wetlands due to the loss of more than half of stored carbon. According to our analysis, carbon stocks in the northern coastal zone decreased by 7.0 Tg, 9.5 Tg in the central coastal zone and 4.2 Tg in the southern coastal zone. The most significant decrease of carbon storage was found in Bohai Bay, the Yangtze River Delta and the Pearl River Delta.
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Based on the landscape transformations of wetlands, we quantified the total carbon storage in the land claimed area (Table 3 and Figure 3 ). Our results show that there was a dramatic decrease of blue carbon storage in this area, which changed from 36.6 Tg in 1990 to 16.0 Tg in 2015 with an annual carbon emission of 0.83 Tg. This signifies a large amount of carbon emission in coastal wetlands due to the loss of more than half of stored carbon. According to our analysis, carbon stocks in the northern coastal zone decreased by 7.0 Tg, 9.5 Tg in the central coastal zone and 4.2 Tg in the southern coastal zone. The most significant decrease of carbon storage was found in Bohai Bay, the Yangtze River Delta and the Pearl River Delta. To understand the specific impacts of different types of landscape change on blue carbon loss, we identified carbon sources and carbon sinks according to the change of carbon stocks before and after reclamation. The main sources of carbon loss were landscape transformations of natural wetlands to artificial wetlands, which resulted in a decrease in carbon storage of 14.99 Tg. The transformation from artificial wetlands to types of reclamation land generated a 0.59 Tg increase of carbon stock. This means that the conversion of artificial wetlands resulted in an increased carbon sink. By contrast, the coastal reclamation of natural wetlands in all three coastal zones resulted in a reduction of organic carbon storage by 21.28 Tg, i.e., a potential release of the stored carbon into the environment. Note: "−" represents a decrease of carbon storage, "+" represents an increase of carbon storage.
Validation of Results
Because the land use and cover change data (distribution of coastal reclamation) is one of the main inputs in estimating carbon storage change, it may affect the accuracy of the results obtained in this study. The interpreted map of coastal reclamation in 2015 has been checked by field validation in all types of reclamation. Our validation results show that about 95% of the tested area is correctly interpreted. To quantify the reliability of quantified carbon storage in this study, we also compared the annual blue carbon storage (0.67 Mg/ha) in our research with similar estimation data in Jiangsu, a coastal province in the middle zone (0.44 Mg/ha) published by Chuai et al. [42] . Additionally, the carbon storage loss of 60 Tg/km 2 quantified in this research is comparable with the results (53 Tg/km 2 ) presented by He et al. in Beijing [17] . The comparison obtained suggests that our estimation is comparable with previous results in China's coastal areas.
Discussion
Main Factors of Landscape Transformation in Carbon Storage Loss
The total carbon emission from energy consumption in all coastal Chinese provinces in 2014 was 1816.68 Tg (statistical data is provided in Supplementary Materials, Table S2 ). This results in an estimate of 13.42 Tg of carbon emission in the coastal reclamation area. Here, it was calculated that the transformation from wetlands to other land uses in the same region was 20.69 Tg. Thus, we found that coastal reclamation resulted in a larger reduction in carbon storage than the energy consumption in this area. Due to the large amount of carbon storage loss by coastal reclamation of natural wetlands, controlling the landscape transformation of natural wetlands is an important strategy in reducing carbon storage loss.
Blue carbon stored in coastal wetlands ranks among the most efficient sequestration systems on the planet, however, as a direct consequence of urban expansion in coastal cities, a large amount of blue carbon has been lost. This is a major environmental problem, since in addition to the loss of carbon storage, it also breaks the balance of many important ecosystem services in coastal areas. The spatial estimation of blue carbon changes, as a result of extensive reclamation, has been quantified in this study, which includes the specific dynamics of carbon storage in each type of landscape transformation. Landscape change is a major driver of carbon emissions, the carbon emission from loss of blue carbon contributes 150-1020 Tg of the total global anthropogenic carbon emitted [43] . The 21.28 Tg carbon loss triggered by coastal reclamation (6.67% of China's wetlands) is equivalent to 2.08-14.18% of global blue carbon loss, which means that the changes to the Chinese coastal region represent a major fraction of the global coastal reclamation, thus having important impacts on our estimates of global blue carbon loss. Among all of these landscape transformations, the carbon loss from natural wetlands to artificial wetlands is the most important single change resulting in 72.45% of total carbon loss in China's coastal wetlands. As one of the typical characteristics of coastal economic development in China, artificial feeding of aquaculture organisms in artificial wetlands becomes one of the main human disturbances in coastal areas. Therefore, recovering and controlling the development and operation of artificial wetlands can be the most efficient way of eliminating carbon loss in China. Stricter regulation of coastal feeding is needed to maintain sustainability in coastal ecosystems.
Due to the transition of economic development in the most developed metropolitan areas, the conversion into increased built-up lands is the second largest landscape transformation from natural wetlands. Large industrial complexes, coastal interstate highways, and airports have been built along the coastal zone, filling in sites that were occupied by natural wetlands. In total, 43.5% of coastal wetlands have been lost, notably the major loss of mangroves due to coastal expansion in many developing metropolitan areas [30, 44] . The current status of blue carbon coastal wetlands in China reflects the serious conflict of human activities and natural habitats conservation. Areas of significant carbon storage loss (the top 20% of carbon loss shown in Figure 3 with red color) emphasize the most important priority sites in maintaining and recovering blue carbon in coastal areas.
Guidelines for Redline Area Planning in China's Coastal Areas
The coastal wetlands with the top 20% of carbon storage loss covered only 4.2% of the total reclamation area. The majority of these high carbon loss areas were found in the Pearl River Delta and the Bohai Bay. The rest were scattered in other coastal areas. These areas represent the priority locations for regaining carbon in coastal areas where the local government and coastal development agencies should consider the importance of maintaining balances of carbon trade-offs in developing coastal systems. A great amount of new areas of dry land have appeared in metropolitan areas adjacent to the Bohai Bay, and in the Yangtze and Pearl River Delta [23, 31] . Landscape conversion caused by rapid financial development and urbanization are key drivers of carbon emission [45, 46] , however, the changing patterns of carbon storage in these three regions were various. Among them, the Pearl River Delta had the smallest area of carbon loss, but the amount of carbon loss in the Pearl River Delta was the most significant. Therefore, conserving natural wetlands in the southern coastal zone is the most critical area in conserving ecosystem services of blue carbon storage along China's coastline.
Due to the requirements of rapid urbanization development in these economic zones, increasing urban areas are built within the coastal shoreline. As much of the available suitable terrestrial land is already occupied, expanding reclamation into coastal wetlands is an economically effective (in the short term) way of gaining new built-up lands. Our estimation quantifies the effect of the increasing land reclamation pressure in coastal ecosystems by demonstrating the decrease in carbon storage due to reclamation activities in these areas. As of 2016, China's central government has adopted new top-down policies that involves imposing a 'Redline', a boundary delineating a coastal strip in which to preserve existing natural coastal environments, both for ecosystem function and to reduce conflicts between natural processes and human settlements. It is suggested here that the areas which represent the top 20% of carbon loss derived from this study could be applied as one of the main factors to create the boundary of such a coastal strip of the redline area. Preserving these critical coastal ecosystems from rapid urbanization would reduce the loss of blue carbon storage, and would add a new dimension of spatial environmental planning considering blue carbon storage in the development of coastal sustainable plans.
A major challenge in this study was the lack of a spatially representative database of carbon density in China's coastal wetlands, especially in artificial wetlands. This limitation could potentially lead to inaccuracies and biases in the estimates of carbon storage. Because of limited detailed and reliable data on carbon density, belowground biomass and dead organic carbon were not included in this study. In order to minimize this potential source of error, further experimental estimation of carbon stock of these two types of carbon biomasses and their transformations is needed to more accurately determine the changes in blue carbon storage under the influences of coastal reclamation.
Conclusions
One of the seldom considered consequences of the reclamation of natural wetlands in rapidly urbanizing coastal areas is the irreversible decrease of blue carbon stocks in wetland ecosystems. The release of blue carbon in coastal wetlands due to land reclamation in the past 25 years has resulted in a large and dramatic degradation of ecosystem services as a carbon source. Among all landscape transformations in reclamation areas, the conversion of natural wetlands to artificial wetlands was the largest single change resulting in a net increase of carbon storage. Our study suggests that the expansion of artificial wetlands is the main concern of carbon emission in the reclamation area. Appropriate regulations on the development and operation of artificial wetlands would help to sequester and store blue carbon and reduce the release of carbon dioxide into the atmosphere. Adding the consideration of carbon emission and sustained ecosystem service to the plans for the implementation of the Redline policy could guide the management of coastal areas for greater resiliency.
According to the comprehensive measurement of blue carbon storage in coastal wetlands, we defined the specific carbon sources of different anthropogenic activities and natural processes that release carbon dioxide, as well as carbon sinks that sequester carbon dioxide from the atmosphere. Because of the high carbon density in natural wetlands and much lower carbon density in artificial wetlands, landscape conversions of natural wetlands to artificial wetlands were the most critical change in carbon storage; on the other hand, landscape conversions of artificial wetlands to other land uses were characterized as carbon sinks. The identification of the carbon source and sink with quantified density can provide theoretical support in monitoring the carbon emission in response to coastal reclamation.
In recent years, the government of China has implemented new regulations concerning coastal reclamation. As a result, further coastal reclamation is strictly controlled by local and central governments. It is suggested that an accurate determination of carbon loss from land use changes should be included in the criteria for deciding Redline policies in addition to other considerations such as sea level rise and REDD. In particular, we advocate using the estimates of blue carbon change under coastal reclamation presented in this study as an important consideration for protecting critical coastal resources, predicting future scenarios based on the Ecological Civilization regulations in China. The accuracy of our approach should ideally be further improved by making more accurate estimates of carbon loss from natural wetlands by estimating mangroves, seagrasses and tidal marshes as well as adding belowground and dead organic carbon storage.
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